Abstract A composite of aminosilane-grafted TiO 2 (TA) and graphene oxide (GO) was prepared via a hydrothermal process. The TiO 2 /graphene oxide-based (TA/GO) anode was investigated in an ionic liquid electrolyte (0.7 M lithium bis(trifluoromethanesulfonyl)imide (LiNTf 2 )) in ionic liquid (N-methyl-N-propylpyrrolidinium bis(trifluoromethanesulfonyl)imide (MPPyrNTf 2 )) at room temperature and in sulfolane (1 M lithium hexafluorophosphate (LiPF 6 ) in tetramethylene sulfolane (TMS)). Scanning and transmission electron microscopy (SEM and TEM) observations of the anode materials suggested that the electrochemical intercalation/deintercalation process in the ionic liquid electrolyte with vinylene carbonate (VC) leads to small changes on the surface of TA/GO particles. The addition of VC to the electrolyte (0.7 M LiNTf 2 in MPPyrNTf 2 + 10 wt.% VC) considerably increases the anode capacity. Electrodes were tested at different current regimes in the range 5-50 mA g . The decrease in anode capacity with increasing current rate was interpreted as the result of kinetic limits of electrode operation. A much lower capacity was observed for the system TA/GO│1 M LiPF 6 in TMS + 10 wt.% VC│Li.
Introduction
Lithium-ion batteries (LIBs) have been widely applied as a power source for portable electronics, stationary energy storage systems, and electric vehicles, due to their high theoretical capacity, long cycle life, wide application temperature range, low cost, good safety performance, and environmental friendliness compared with other types of batteries [1] [2] [3] [4] [5] [6] [7] .
The properties of LIBs greatly depend on the electrode materials used [7, 8] . Graphite is the most widely used anode material in commercial Li-ion batteries. The theoretical capacity of graphite is estimated to be 372 mAh g −1 . Structural deformation, initial loss of capacity, and electrical disconnection are the chief disadvantages of the graphite electrode, which limit its application and development [2, 3, [9] [10] [11] [12] . Among potential candidates to replace the commonly used carbon (graphite) as anode material, titanium dioxide as well as titania-based materials have been investigated. Titanium dioxide has been recognized as one of the promising anode materials for LIBs among transition metal oxides, by virtue of its attractive properties which include low cost, high chemical stability, low solubility in organic solution, eco-friendliness, high energy density, and easy availability [5, 7, 10, 12] . In addition, intercalation/deintercalation of titania offers good cycling stability, low volume expansion during charging/ discharging, and increased safety by virtue of the high Li-insertion potential (1.6-1.8 V vs. Li + /Li) [1, 3, [12] [13] [14] . Unfortunately, in comparison with conventional anode materials, TiO 2 has a relatively low theoretical capacity of around 335 mAh g −1 , and intrinsically slow transport kinetics for both electrons and Li ions, which prevents this material from achieving optimal electrochemical performance [1, 5, 8, 13, 14] . The electrochemical application of titania depends strongly on its crystal structure, crystallite size, surface area, and thermal stability. It is well known that anatase TiO 2 is more electrochemically active than the thermodynamically stable rutile TiO 2 . Anatase and rutile present a low specific capacity of 167.5 mAh g −1 [1, 5, 13, 14] .
Many types of hybrid materials containing carbon and electroactive materials have attracted considerable interest for use in LIBs, because of their improved rate capability and enhanced cyclic performance by virtue of their superior electrical conductivity, chemical tolerance, broad electrochemical window, and high surface area -see Table 1 [15] [16] [17] [18] [19] [20] [21] [22] .
In this work, a composite of aminosilane-grafted TiO 2 and graphene oxide was prepared via a hydrothermal process. The TiO 2 /graphene oxide-based (TA/GO) anode was investigated in an ionic liquid electrolyte (0.7 M lithium bis(trifluoromethanesulfonyl)imide (LiNTf 2 ) in ionic liquid (N-methyl-N-propylpyrrolidinium bis(trifluoromethanesulfonyl)imide (MPPyrNTf 2 )) at room temperature and in sulfolane (1 M lithium hexafluorophosphate (LiPF 6 ) in tetramethylene sulfolane (TMS)). Electrochemical experiments showed that a new type of TA/GO composite exhibited excellent electrochemical performance as the anode material in a Li-ion battery.
Experimental Materials
Titanium tetraisopropoxide (TTIP, Sigma-Aldrich), propan-2-ol (IPA, Chempur), ammonia (Chempur), methanol (MeOH, Chempur), N-2-(aminoethyl)-3-aminopropyl-trimethoxysilane (AAPTS, Sigma-Aldrich), GO (Sigma-Aldrich), and ethanol (EtOH, Chempur) were used without any further purification.
Lithium foil (0.75 mm thick, Aldrich), LiPF 6 (Aldrich), TMS (Aldrich), VC ( Aldrich), LiNTf 2 (Fluka), carbon black (CB, Alfa Aesar), poly(vinylidene fluoride) (PVdF, Fluka), and N-methyl-2-pyrrolidinone (NMP, Fluka) were used as received from suppliers. N-methyl-N-propylpyrroldinium bromide (MPPyrBr) was obtained by reacting Nmethylpyrrolidinium (Aldrich) with bromopropane (Aldrich) in acetone. Precipitated white MPPyrBr crystals were decanted, washed five times with n-hexane, and dried under vacuum at 40°C. N-methyl-N-propylpyrrolidinium bis(trifluoromethanesulfonyl)imide (MPPyrNTf 2 ) was obtained from MPPyrBr and LiNTf 2 solution in an aqueous medium. The ionic liquid (IL) phase was separated from the aqueous LiBr solution, washed three times with water, and finally dried by evaporation in a vacuum at 50°C for 10 h. . Vinylene carbonate was stored at a maximum temperature of 8°C to prevent its spontaneous TiO 2 /N-rGO was prepared by hydrothermal method. 187 [22] polymerization. Electrolytes containing VC as a solid electrolyte interface (SEI)-forming additive (10 wt.%) were prepared in a dry argon atmosphere in a glove box.
Preparation of modified titania
In the first step, titania powder (sample T) was synthesized by a modified sol-gel process, as described previously by the authors [23] . In a three-neck flask, TTIP was dissolved in IPA. Then, a catalyst (ammonia/deionized water mixture (1/ 4 v/v)) was introduced into the solution at a constant rate of 2 mL min −1 using an ISM833A peristaltic pump (Ismatec)
with vigorous stirring at room temperature. The milky reactive mixture was then vigorously stirred for 1 h using a high-speed stirrer of T25 Basic type (IKA Werke GmbH) running at 1200 rpm. The colloidal suspension obtained was then placed in a SEL-I3 chamber drier (Memmert) at 105°C for 18 h. The resulting alcogel was washed several times with deionized water and filtered to remove impurities. At the final stage, washed precipitation was dried by convection at 105°C for 6 h and then calcined at 600°C for 2 h (Nabertherm). In the second step, the obtained titania powder was grafted with AAPTS-sample TA. Modification was performed using 1 wt.% of AAPTS (calculated for 100 g of TiO 2 ) prepared in a MeOH/deionized water mixture (4/1 v/v) and applying the socalled dry technique, described in detail in [24, 25] . Titania was treated with AAPTS to obtain a positively charged surface, to enhance the interaction between titania and graphene oxide. The proposed method for preparing modified TiO 2 is presented schematically in Fig. 1 .
Preparation of TA/GO composite
Titania/graphene oxide composite was synthesized by the following hydrothermal process. Firstly, 2 g of modified titania was mixed with 20 mL of deionized water and 5 mL of GO suspension (2 mg mL
). The obtained mixture was sonicated for 15 min. Then, the resulting solution was separated by centrifugation for 20 min at 4000 rpm (Centrifuge 5810 R, Eppendorf). Next, the wet TA/GO composite was dispersed in 40 mL of a deionized water/EtOH mixture (1/1 v/v), placed in a Teflon-lined stainless steel reactor and thermally treated (120°C for 4 h). After that time, the obtained precipitate was naturally cooled to room temperature. The resulting gray powder was filtered, washed with deionized water several times, and dried at 60°C for 2 h.
Preparation of the electrolyte and electrode
Electrolytes were obtained by dissolution of the LiPF 6 solid salt in liquid TMS heated to ca. 35°C (TMS is solid at room temperature). The electrolytes contained VC as the SEI-forming additive (10 wt.%). Tested anodes were prepared on a copper foil (Hohsen, Japan) by a casting technique, from a slurry of graphite, CB, and PVdF in NMP. The ratio of components was TA/GO/CB/PVdF = 85:5:10 (by weight). After evaporation of the solvent (NMP) at 120°C in vacuum, a layer of the carbon electrode containing the active material (TA/GO), an electronic conductor (CB), and the binder (PVdF) was formed.
Procedures and measurements
Dispersive characteristics of the obtained materials were determined by a Zetasizer Nano ZS apparatus (Malvern Instruments Ltd), using the non-invasive back scattering method. The morphology and microstructure of the obtained samples were analyzed using a Jeol 1200 EX II transmission electron microscope, at an accelerating voltage of 100 kV. The structural properties of the synthesized materials, such as phase and crystallite size, were determined by the X-ray diffraction (XRD) method. XRD analysis was performed utilizing a TUR-M62 diffractometer with Cu Kα radiation (α = 1.5418 Å), Ni filtered. The patterns were obtained in step-scanning mode (Δ2θ = 0.04°) over an angular range of 10-60°. The Scherrer equation [26] , with (101) and (110) reflections of the anatase and rutile planes, respectively, was used to calculate crystallite size as well as to evaluate the relative content of anatase and rutile phases in the prepared samples. The surface area, average pore diameter, and total pore volume of the obtained materials were measured from the N 2 adsorption/desorption isotherm via the Brunauer-Emmett-Teller (BET, for specific surface area) and Barrett-Joyner-Halenda (BJH, for pore volume and pore diameter) methods, using a ASAP 2020 porosimetry analyzer (Micromeritics Instrument Co.). Fourier transform infrared spectroscopy (FTIR) measurements were conducted on a Vertex 70 spectrophotometer (Bruker) at room temperature, to identify the characteristic groups present on the surface of the obtained materials. The samples were prepared by mixing with KBr and then pressing into small tablets. FTIR spectra were obtained in the transmission mode between 4000 and 400 cm −1
. Electrochemical properties of the cells were determined using electrochemical impedance spectroscopy (EIS) and galvanostatic charging/discharging tests. Cycling measurements were taken with the use of the ATLAS 0461 MBI multichannel electrochemical system (Atlas-Sollich, Poland) at different current rates. Cyclic voltammetry for T, TA, and TA/GO anodes was carried out in the potential range 1.0-2. . Impedance spectra were obtained using a frequency response analyzer at a frequency range of 100 kHz-10 mHz at the open circuit potential and an amplitude of 10 mV.
Electrodes were separated by a glass microfiber GF/A separator (Whatmann, 0.4-0.6 mm thick), placed in an adopted Swagelok ® connecting tube. Typically, the mass of the electrodes was as follows: Li ca. 45 mg (0.785 cm 2 ); T, TA, and TA/GO 3.0-4.0 mg. Cell assembly was performed in a glove box in a dry argon atmosphere.
Following the electrochemical measurements, the cells were disassembled and the graphite electrodes were washed with dimethyl carbonate (DMC) and dried in a vacuum at room temperature. The morphology of the electrodes and polymer electrolytes was observed by means of scanning electron microscopy (SEM) (Tescan Vega 5153) and TEM. All operations were carried out in a dry argon atmosphere in a glove box.
Results and discussion

Dispersive and morphological properties
The aim of the first stage of the study was to determine the dispersive and morphological properties of the materials obtained (Table 2, Fig. 2) . The particle size distribution by volume contribution for sample T obtained via the sol-gel method and calcined at 600°C shows a monomodal band corresponding to primary agglomerates with diameters ranging from 190 to 712 nm. The maximum volume contribution (23.7 %) comes from particles 396 nm in diameter. The polydispersity index of this sample is 0.109.
Dispersive analysis of the modified TA and TA/GO samples showed that the surface modification of titanium dioxide with a silane coupling agent and synthesis of TA/GO composite leads to products characterized by not only the presence of particles of higher diameter but also a visible shift in the diameter of the particles with the maximum volume contribution toward higher diameter values, compared to the initial TiO 2 . Sample TA is characterized by a monomodal band with a diameter range of 190-955 nm. The TA/GO composite shows the presence of particles in two different diameter ranges (295-1110 and 4800-6440 nm). The maximum volume contributions, of 6.2 and 36.6 %, correspond respectively to particles and agglomerates 615 and 5560 nm in diameter.
TEM images of the obtained materials confirmed the dependencies of the dispersive properties (Fig. 2a-c) . Additionally, these images show the irregular shape of the titania particles (Fig. 2a, b) as well as their efficient incorporation into the graphene oxide structure (Fig. 2c) .
Structural properties
The structural properties of the obtained materials, such as phase and crystallite size, were determined by XRD (see Fig. 3 ). As shown in Fig. 3a , the TiO 2 synthesized via the sol-gel method and calcined at 600°C exhibits good crystallinity and a typical anatase and rutile structure, which is in accordance with JCPDS cards 21-1272 and 21-1276. The peaks of 2θ values at 25.21 and 27.51 can be indexed to the (101) and (110) planes of anatase and rutile titania, respectively. The TA/GO composite (Fig. 3b ) exhibits similar diffraction peaks corresponding to the native TiO 2 , meaning that a mixed rutile and anatase crystal phase of titania/ graphene oxide material has been prepared by the hydrothermal process. Only a slight decrease in the intensity of the peak characteristic for anatase at a 2θ value of 25.21 was observed. This suggests that the addition of graphene oxide and hydrothermal synthesis can lower the temperature of transformation from anatase to rutile. Moreover, no GO peak was observed in the TA/GO composite, because of the relatively low content of GO in that composite, meaning that GO peaks were masked by the diffraction signals of TiO 2 [27] . The crystallite sizes of the TiO 2 and TA/GO samples were calculated using the Scherrer equation for the main diffraction peak and relative percentage content of anatase and rutile (see Fig. 3 ). The sample T is composed of anatase crystallites of 43 nm and a transformed rutile phase which appears with a crystallite size of approximately 39 nm. The crystallite size of anatase in the TA/GO composite is much smaller than that obtained for native TiO 2 (37 nm). This effect is caused by the interaction between TiO 2 and GO [28] .
Porous structure parameters
Surface area, total pore volume, and average pore diameter play an important part in determining the electrochemical properties of electrode materials [29] . Figure 4 shows the N 2 adsorption/desorption isotherms obtained from the physisorption measurements. The isotherms of the obtained materials are identified as type IV, which are characteristic of mesoporous substances. For the synthesized materials, an adsorption and desorption hysteresis loop gradually increases and exhibits an abrupt increase in the high-pressure region, as can be seen from Fig. 4a . This can be associated with capillary condensation and multilayer adsorption of nitrogen in the mesopores. Surface modification of titania with aminosilane leads to a significant decrease in its BET surface area, from 5.0 to 3.8 m 2 g −1
.
From the adsorption branch of the isotherm curves, a surface area of 6. , and the particle size in diameter of 301 nm [30] . , which is attributed to the O−H stretching frequency from the surface hydroxyls, was also observed. There is also an absorption band at 870 cm −1 related to deformation of aromatic C−H bonds and a band at 2854 cm −1 attributed to stretching vibrations of CH 2 . Meanwhile, the FTIR spectrum of sample TA shows two absorption bands around 515 and 480 cm
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, which correspond to bending and stretching vibrations of Ti−O−Ti bonds. It also shows a characteristic band at around 3400 cm −1 , which is due to stretching vibrations of O−H as well as N−H bonds. The peak observed at 1630 cm −1 originates from the hydroxyl groups of molecular water. In the spectrum of the TA/GO composite, the characteristic absorption bands associated with titania and GO were observed. The absorption bands at 1082 and 1093 cm −1 in the FTIR spectrum of TA/GO can be assigned to vibrations of Ti−O−C bonds. These bands prove the existence of strong chemical interactions between graphene oxide and modified titania in hydrothermal synthesis. Figure 6 shows SEM images of the pristine TA/GO and TA/ GO after the intercalation/deintercalation/intercalation process, at different magnifications (TA/GO│1 M LiPF 6 in TMS + 10 wt.% VC│Li). It can be seen that the electrochemical process in TMS with VC ( Fig. 6 ) leads to changes on the surface of TA/GO particles. However, a similar process in the presence of VC results in the formation of a coating (SEI) on the surface (Fig. 6 ). Corresponding TEM images (Fig. 7 ) also show differences in the surface between pristine TA/GO, after intercalation/deintercalation/intercalation with 0.7 M LiNTf 2 (Fig. 7) . Again, galvanostatic charging/discharging of the TA/GO material in the electrolyte containing VC leads to the formation of a deposit on its surface (Fig. 7) .
SEM and TEM images of electrodes
SEI formation
Anodes characterized by a low potential, such as lithium metal or lithiated graphite, react spontaneously with electrolytes. In the case of lithium metal, the growth of dendrite crystals on its surface is observed. It has also been shown that lithiated graphite requires the formation of a protective coating, similarly to metallic lithium. Consequently, the electrolyte for Liion batteries is expected to form SEI, protecting the lithium anode [31] . A similar phenomenon was also found for the TA/ GO anode. A solid electrolyte interface can be formed on the TA/GO anode after several cycles. This is different in the case of a graphite anode, where the SEI film forms during the initial cycle [32, 33] . The passivation of electrodes in a Li-ion battery may be observed with the help of impedance spectroscopy. Electrochemical impedance spectra (EIS) of the TA/ GO│electrolyte│Li were measured before discharge and after 20 cycles. The semicircle can be attributed to phenomena such as polarization resistance and the formation of the SEI layer. Figure 8 shows the Nyquist plots of TA/GO samples in IL and TMS. Generally, the diameter of the quasisemicircle is associated with the charge transfer resistance (R ct ). A lower R ct will be beneficial in improving the electrochemical dynamical behavior. The TA/ GO sample in IL has the smallest R ct , due to its good electric conductivity compared with TA/GO in TMS. Both of the systems (TA/GO│TMS│Li and TA/ GO│IL│Li) have one semicircle in the high-frequency range and a sloping straight line in the low-frequency range. As shown in Fig. 8 , the radius of the semicircle of the mesoporous TA/GO composite electrode in IL (Fig. 8a) is significantly smaller than that of the blank TA/GO composite electrode in TMS (Fig. 8b) , suggesting that the charge transfer resistance of the TA/GO composite sample in IL is lower than that of the TA/GO in TMS. This suggests that conductive graphene oxide in the composite can facilitate electron transfer and contribute to the higher rate capability of the TA/GO composite electrode. Figure 9 shows the initial CV curves of the mesoporous composite, modified TiO 2 , and blank TiO 2 . For the blank TiO 2 , there is a pair of cathodic/anodic peaks centered at 1.60 and 2.1 V, corresponding respectively to lithium insertion/ extraction in the anatase TiO 2 lattice [34] . Compared with the mesoporous composite, the blank TiO 2 has sharper peaks, higher peak currents, and a narrower potential gap between these two redox peaks, suggesting that the blank TiO 2 offers somewhat better kinetics for Li-ion insertion and extraction. In contrast to conventional anatase TiO 2 , another obvious peak appearing around 1.52 V can be observed for the composite, which is attributed to the faradic pseudo-capacitive process.
Cyclic voltammetry
To further investigate the pseudo-capacitive contribution, CVs of the TA/GO composite at different scan rates were performed and analyzed (Fig. 9) . The titanium dioxide after modification has less clear peaks (Fig. 9b) .
The enhanced pseudo-capacitive effect for the composite further confirmed the strong interactions between the Fig. 9 CVs of the TiO 2 (a), TA (b), and TA/GO (c) at different scan rates graphene oxide and TiO 2 , as the binding of TiO 2 nanoparticles on the graphene oxide can produce abundant interfaces, which can offer extra lithium storage and thus lead to an obvious current peak in the cathodic process [13, 35, 36] .
Charging/discharging tests
To indicate the discharge/charge capacity and cycle stability of the mesoporous composite, the variation of discharge capacity with cycles at increasing current densities from 5 to 50 mA g −1 applied successively is presented in Fig. 10 . A discharge capacity of ca. 245 mAh g −1 is obtained after the 10th cycle at a current density of 5 mA g , respectively (TA/GO│0.7 M LiNTf 2 in MPPyrNTf 2 + 10 wt.% VC│Li, Fig. 10a ). More importantly, after 100 cycles at successively increasing current densities, the as-prepared composite can still demonstrate an impressive discharge capacity of 240 mAh g .
Additionally, when the current is further increased to 50 mA g −1 after 100 cycles, the TA/GO composite still presents a stable cycle performance, but the discharge capacity of TA/GO│1 M LiPF 6 in TMS + 10 wt.% VC│Li significantly decreases (for 50 mA g −1
, it was 140 mAh g −1 ). Therefore, the as-prepared composite can endure significant changes of low or high current densities and yet retain good stability upon cycling, and this is advantageous for abuse tolerance of LIBs with high power and long cycle life. The TiO 2 /GO composite anode displayed a stable cycle performance and retained a high discharge capacity in both TA/GO│IL│Li and TA/GO│TMS│Li after the 100th cycle, which so far represents the highest capacity at such high current density in comparison with the TiO 2 /graphene composites reported in the literature [37] [38] [39] [40] [41] [42] [43] [44] .
Conclusions
Galvanostatic charging/discharging, CV, EIS, and SEM show that the lithium intercalation and deintercalation process occurs quite reversibly in TA/GO materials with good cycling stability. SEM images of pristine electrodes and those taken after electrochemical cycling show changes which may be interpreted as resulting from SEI formation.
Charge/discharge tests of TA/GO│Li cells indicate that the reversible capacity for TA/GO│0. All of the results obtained show that the activated TA/GO composite anode demonstrates a good cycle life capability in combination with sulfolane (TMS) and ionic liquid (MePrPyrNTf 2 ) electrolyte.
